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Abstract
An analysis of acoustic and gestural data generated from virtuosic cello
performances was conducted using advanced pitch-tracking techniques and
state-of-the-art gesture tracking devices. During the academic year 1990-91
the cellist Yo-Yo Ma collaborated with the Hyperinstrument research group at
the MIT Media Laboratory; one of the goals of the research group was to
develop a sophisticated gesture sensing platform to monitor Mr. Ma's
playing.
Mr. Ma and two other professional cellists participated in an
experiment in which they played excerpts from standard cello repertoire.
During performance, data was gathered from the gesture sensors (recording
wrist angle of the bowing hand) and synchronized with the audio data, which
was being digitally recorded. The acoustic data was analyzed with a non-real-
time, high-resolution pitch tracker. Data was analyzed for the use of the
following performance parameters under different experimental conditions:
rubato, legato, vibrato, tuning, timing deviation, and bowing. Results from
the analysis of the acoustic and gestural data suggest that the cognitive
mapping of musical intention to performance can be characterized by a rule-
governed usage of certain performance parameters and that these rules are
generalizable across performers and instrument classes.
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PART-I
1.1 Introduction
We live in an era in which computer-assisted musical performance is
becoming commonplace. Musicians and listeners are often disappointed,
however, by synthesized performances. These performances usually lack the
expressive quality found in natural performance. The goal of this thesis is to
learn more about the cognitive architecture underlying skilled music
performance. We need to know more about how a skilled musician maps
musical intention to performance in order to gain a greater understanding of
the cognitive architecture underlying virtuosic performance. Having a
clearer conception of such an architecture will hopefully lead to advances in
human music perception research as well as aid in the formation of
computer-assisted performance systems.
When the task of a computer program is to play a musical score or part,
the program does not "interpret" the score. Instead, the program gives as
output exactly what is written. Thus, computer-generated musical
performances are usually perceived as being "flat" or dull. In today's
technology, there aren't any "interpretation knobs" which you can
manipulate to create a more expressive performance. One of the major
reasons for this is that the parameters that govern how a skilled performer
maps musical intention to performance are just now being discovered.
Obviously, one must have an idea of what real performers do to express their
musical interpretation to the listener before attempting to design a computer
program to do the same.
One can query skilled performers as to their musical interpretation of a
particular piece or style of music. While this information is important, it
does not tell the whole story (Palmer, 1988). As with any skilled task, many of
the essential elements necessary for performing the task become automatic
after the initial learning phase (Keele & Summers, 1976). In order to better
understand the mechanisms implemented in skilled musical performance, it
is necessary to understand more about the motor programs which achieve the
musician's interpretive goals.
2.1 Motor Programming
One early theory of motor programming came out of the classical
conditioning school of thought. Basically, the notion was one of stimulus-
response (S-R) where responses become chained together by being
successively associated with each other. Because feedback processing is
relatively slow (100 msec), S-R chaining cannot account for the speed at which
skilled pianists or typists, for example, accomplish their tasks (Lashley, 1951).
This fact seems to suggest that motor programs may not be simple S-R
mechanisms but rather have some sort of central representation.
A more recent motor program theory based on the idea of central
representation has been espoused by Keele and Summers. Keele and
Summers (1976) posit, "...that the sequencing of skill is represented centrally
and does not require peripheral feedback from prior movements to elicit
succeeding movements. This is not to deny, however, the critical role of
feedback in skilled performance." They also argue that movement sequences
which have inherent structure (such as movement sequences necessary for
producing music) are stored in such centrally represented motor programs as
hierarchical structures.
As a theoretical framework for describing how complex movement
sequences are organized after learning, Keele and Summers' framework
works quite well. However, how do the centrally represented motor
programs that Keele and Summers describe come to exist? A rigorous,
computational approach to motor skill learning which is well suited for the
purposes of this thesis is reported by Jordan (1990). Jordan's approach is
particularly appropriate for problems involving excess degrees of freedom,
which is why it is well suited for this thesis. The degrees-of-freedom problem
is characterized by a task for which there are many different sets of motor
movements that would accomplish the task. Because playing the cello is a
classic example of the degrees-of-freedom problem, Jordan's approach seems
appropriate.
Jordan's approach is based on two basic notions: an internal forward
model of the environment, and intrinsic constraints on motor learning. A
forward model is defined by Jordan as, "a learned internal mapping that
allows the system to predict the results it expects to obtain, given the state of
the environment and the output of the motor program." Intrinsic
constraints on motor learning include energy, time, smoothness,
distinctiveness, and information. Jordan's model is unique in that it views
such constraints not as the description of the final state of the skill but rather
as active constraints on the learning process itself. Thus, the process of skill
learning is a process of optimizing intrinsic constraints within the framework
of a forward model.
Jordan's model is particularly suited for excess degrees-of-freedom
problems because the goal of the model is to optimize the intrinsic constraints
on the system until the motor output matches closely with the desired
output. Thus, as stated above, instead of defining the end state skill in terms
of the internal constraints on the system, Jordan's model allows for the
manipulation and optimization of the internal constraints during the
learning phase. Because of this, the model allows for more than a one-to-one
mapping of end state and motor program.
Allowing for multiple mappings of end state and motor program is
crucial when trying to characterize the motor skill learning phase of
musicians, especially string players. For example, the number of different
possible joint angles that could achieve the same bowing is quite large. Being
able to take the excess degrees-of-freedom problem into account, is the
primary reason this model was chosen as the motor skill learning paradigm
for this thesis.
2.2 Motor programming and musical performance
Numerous researchers have attempted to describe musical
performance in terms of a motor program framework. Shaffer (1981), for
example, examined the timing of skilled piano performance in the context of
a motor programming framework. Based his findings, Shaffer concluded that
skilled pianists indeed utilize a motor program framework and that such a
framework generates two representations: one that specifies a set of
expressive features of the music, as well as the syntax of movements, and one
of explicit motor commands. Shaffer also believes that there exists an
internal clock, allowing for elasticity of the time scale, as necessitated by the
expressive features in the abstract representation of the music.
A similar framework was described by Sloboda (1985) in his discussion
of expressive variation in sight-reading performances. He argues that the
process of assigning expressive variation in sight-reading consists of three
major stages. In the first stage, the performer forms a mental representation
of music, from an examination of the score. The second stage involves
activating a "dictionary" of previously accepted means of communicating
structural markings which have been identified in stage one. The last stage
Sloboda identifies as motor programming, in which the performer attempts
to carry out his or her intentions from stage one and two.
Sloboda believes that expert or virtuoso musicians are those who have
mastered all three stages. According to Sloboda (1985), the expert musician
has a thorough knowledge of large-scale patterns within the music, giving
him hierarchical control over the material. The inexperienced musician, on
the other hand, is generally controlled by superficial characteristics of the
musical foreground. The expert musician also has highly flexible procedures
for solving local problems. These procedures often do not need conscious
monitoring by the expert musician, whereas such procedures do need
conscious monitoring by the inexperienced musician. Finally, Sloboda states
that an experienced musician is a much better judge of his or her
performance (as compared to an inexperienced musician) because such a
performer knows exactly what to listen for in the performance.
While Sloboda and Shaffer's frameworks are quite similar in nature,
not all researchers in this area agree with their characterization of the role of
motor programs in musical performance. For example, Baily, an
ethnomusicologist, believes that music performance is more of an equal
integration of auditory and spatiomotor representations of musical structure.
He argues that in the Western world, in which the musical tradition is
predominantly written, we automatically assume that the spatiomotor
representation of musical structure is a subset of the auditory representation
of musical structure. Based on research of non-Western musical tradition
(which is typically an aural tradition) he questions such an assumption and
suggests that auditory and spatiomotor modes of musical cognition may be of
equal importance (Baily, 1985). In fact, he goes further to state (Baily, 1990)
that motor grammars for musical performance can be thought of as aiding in
the creative process.
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Although Baily offers an interesting alternative to the motor
programming frameworks espoused by Shaffer and Sloboda, the approach
utilized for the purpose of this thesis resembles Shaffer and Sloboda's much
more than Baily's. The framework used for this thesis comes from a series of
experiments conducted by Palmer (1988). Palmer investigated the mapping of
musical intention to performance in skilled pianists. Palmer conceived of the
motor program framework as consisting of essentially three stages. The first
stage requires that an abstract representation of interpretation be formed; this
representation gets translated into procedures in memory (stage two). These
procedures in memory map to vectors of movement (stage three). The result
of the vectors of movement is, of course, the sounded events or performance.
Palmer's motor programming framework was adopted for this thesis. I
collected data on stage one (the performer's stated interpretation), stage three
(gestural data from the wrist sensor), and sounded events (acoustic signal
analyzed with a pitch tracker). By using a state-of-the-art sensor to measure
wrist movement while bowing, this research is expected to extend the
understanding of the relationship between intention and gesture. The more
that is known about stage one and three of the motor program framework,
the greater the confidence I will have in the claims I am making about the
procedures in memory that map from intention to performance (stage two).
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3.1 Mapping musical intention to performance
As stated above, mapping musical thought to performance was the
subject of a study conducted by Caroline Palmer (1988) while at the MIT
Media Lab. Palmer used a specially equipped computer-monitored
Bosendorfer piano which contained optical sensors that detect and code
movements of each key pressed and each foot pedal movement. Palmer had
skilled and novice pianists play a piece of music as they would normally and
then play the piece in a "mechanical" fashion. She instructed subjects that
playing the piece in a mechanical fashion meant that they should not add any
expressiveness beyond what was written in the score. She examined the data
accompanying each performance and found evidence of the manipulation of
the following timing patterns: chord asynchronies, patterns of rubato,
patterns of staccato and legato.
Palmer found that pianists often would lead the main melody by
playing it about 20 - 50 milliseconds before the accompaniment (chord
asynchrony). In addition, she found that performers showed greatest degree
of tempo change between phrases (patterns of rubato), and that they would
vary the amount of overlap between successive notes, in order to produce a
specific musical effect (patterns of legato and staccato). Palmer found that the
use of expressive timing patterns decreased when subjects were asked to play
mechanically. In addition, Palmer found that expressive timing increased
when subjects were asked to play pieces in an exaggerated fashion.
As part of the experiment, Palmer (1988) also had subjects play a piece
and then notate their intended meaning on an unedited score. The notations
on the score correlated with the expressive timing patterns found in the
performance data. Hence, she concluded that expressive timing maps
intention to sounded performance. Her results suggested that this mapping is
rule governed, and that the same rules produce different interpretations.
Palmer notes that her data relates only to piano performance and that more
data is needed to see if mapping from intention to performance is governed
by similar rules for other instrumentalists.
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In an earlier study, Sloboda (1983) found that skilled pianists made
greater use of expressive variation than did less experienced players. Sloboda
had experienced and inexperienced pianists play two short passages. He then
had subjects judge the meter of the passages. Sloboda found that the more
experienced pianists were most successful in communicating the specified
meter of the passage to the subjects. Sloboda's results follow Palmer's
hypothesis: the more experienced players were better able to manipulate
expressive timing to map their intended metric grouping to actual
performance.
Another study using skilled performers was conducted in Japan by
Nakamura (1987). She had professional violin, oboe, and recorder players
perform a baroque sonata. After playing, the performers were asked to notate
their intended dynamics. She then had subjects listen to the three
performances and notate their perception of the dynamics. Nakamura's
results showed that the performer's dynamic intention was conveyed fairly
well to the listeners. As was the case with Sloboda's data, Nakamura's results
are in line with Palmer's hypothesis.
In a related study, Kendall and Carterette (1990) had musically and non-
musically trained listeners rate the level of expressive intent in violin,
trumpet, clarinet, oboe, and piano performances. The subjects listened to
short musical excerpts played with three different levels of expressive intent
(no expression, normal, exaggerated expression). Kendall and
Carterette used various perceptual methods such as categorization, matching,
and rating, in addition to acoustical analysis of timing and amplitude to test
the sensitivity of subjects to the levels of expression in the performances.
They found that both the musically and non-musically trained subjects could
reliably distinguish between the different levels of expressive intent.
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3.2 Cognitive mechanisms allowing for the mapping of musical
intention to performance
From the research cited above, we have seen that there is a growing
body of empirical evidence which suggests that a performer is quite effective
in communicating his/her musical interpretation to the listener. As the
Kendall and Carterette (1990) study showed, even non-musically trained
listeners can reliably recognize a performer's intent. The apparent
"universality" of musical competence has spurred researchers over the years
to try to find "musical universals."
In the early nineteen seventies, Leonard Bernstein (1976) gave a
series of lectures at Harvard. Bernstein was inspired by recent work in
linguistics (specifically notions of "universal grammar" for language) and
advocated a search for a "musical grammar" that would help to explicate
human musical capacity.
A handful of researchers were inspired by Bernstein's call to find a
"universal grammar" for music, most notably Lerdahl and Jackendoff (1985)
who wrote, "A Generative Theory of Tonal Music." Lerdahl and Jackendoff
developed a theory of "musical grammar". Like a grammar for language,
each rule of musical grammar is meant to express a generalization about the
organization that listeners impose on music they hear (Lerdahl and
Jackendoff, 1985). There have been numerous studies which have tested the
empirical validity of Lerdahl and Jackendoff's generative theory; the results
suggest that at least some of their major claims seemed to be supported by
empirical data (Deliege, 1987; Clarke & Krumhansl, 1990; Palmer &
Krumhansl, 1987).
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Other researchers have been less concerned with coming up with a
formal grammar to describe music than with the nature of the internal
representation of musical structure. The results of such research suggest that,
as Krumhansl (1990) writes, "...through experience, listeners have
internalized a richly structured system of knowledge about stylistic
regularities in tonal-harmonic music. During music listening, the sounded
events are interpreted in terms of this knowledge, which in turn influences
musical memory, the formation of larger structural units, and expectations
for future events." Krumhansl and her colleagues have conducted
numerous studies which support this framework for internal representation
(Krumhansl, 1979; Krumhansl, 1987b; Krumhansl & Kessler, 1982;
Krumhansl, Bharucha & Castellano, 1982; Krumhansl, Bharucha & Kessler,
1982; Krumhansl & Shepard, 1979).
The work of Lerdahl, Jackendoff, Krumhansl, and others suggest that
people group and organize music in a systematic fashion. Since music is a
typically shared experience between performer and listener, it makes sense
that there would be "guidelines" or "rules" for musical communication.
How do people come up with a set of rules for musical
communication? Must we explicitly learn such rules? My answer would be
no. In short, one does not have to be a trained musician to appreciate music.
Like Krumhansl, I believe that one implicitly learns the rules of musical
communication through being exposed to music particular to one's culture.
An analogous phenomenon occurs in language learning: in order to speak
and understand a language, one does not need to know grammatical
formalisms. Instead, one just needs to be exposed to the language for a
sufficient period of time and, through exposure, will internalize the most
salient grammatical formalisms.
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3.3 Emergence of cognitive mechanisms for musical competence
Since the tacit learning of the cognitive mechanisms which allow for
musical competence obviously isn't a necessary precondition for human
survival, I will begin this section with a discussion of the evolution of
cognitive mechanisms in general and then focus on how musical competence
could possibly have emerged from them1.
One of the most rigorous and compelling theories of the evolution of
cognitive mechanisms is Shepard's "law of generalization" (Shepard, 1987a,
1987b). Basically, Shepard believes that the evolution of our cognitive
mechanisms was shaped by invariant properties of the world. For instance,
the results of studies examining preferred paths of motion for objects
suggested to Shepard that the preferred paths (as chosen by human subjects)
are determined by internalized principles governing the way rigid objects
move in three-dimensional space in the world (Shepard 1981, 1984).
Thus, the first type of cognitive mechanisms to have evolved in the
primate and humanoid lines, according to Shepard (1987b), are the
mechanisms for spatial cognition. Clearly, an organism must have an
understanding of the way in which objects move in its environment before
an organism can effectively manipulate objects in the environment. Shepard
views the emergence of other cognitive mechanisms, such as those for
language or music, as a by-product of the evolution of spatial cognition:
complex hierarchical systems evolved to solve problems of spatial cognition,
through mutation these systems became transformed, moved to other parts
of the brain, and become specialized mechanisms for other functions. As
Shepard (1987b, p. 268) writes:
1 It should be noted that my ideas on this subject have been heavily influenced by those of
Roger Shepard.
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Similarly with regard to the emergence of linguistic
competence in particular, I have for some time
been suggesting that computational resources that
had previously evolved to subserve spatial
cognition may in this way have been preempted,
apparently on one side of the brain, to subserve
language (Shepard, 1975, 1982, 1984). Because of the
cost of transferring or transforming a high-level
unit in the hierarchy need not be great, the
transformation may become entrenched even if the
utility it confers is relatively small (as it might be,
for example, in the case of competence for music or
song).
Shepard is not the only researcher arguing the case for the evolution of
specialized cognitive mechanisms. The work conducted by researchers such
as Cosmides, Tooby, Pinker, Bloom and others makes a convincing case for
the evolution of specialized cognitive mechanisms, as well (Cosmides, 1985;
Cosmides & Tooby, 1987; Pinker & Bloom, 1990).
The evolution of linguistic competence has recently been addressed in
a paper by Pinker and Bloom (1990). They argue that human language
evolved by natural selection, basing their conclusion on two facts: language
ability in humans is designed to communicate complex grammatical
structures, and that the only explanation for the origin of specialized organs
to perform such a task is the process of natural selection. They see grammars
functioning in the following way:
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Grammars for spoken languages must map
propositional structures onto a serial channel,
minimizing ambiguity in context, under the
further constraints that the encoding and decoding
be done rapidly, by creatures with limited short-
term memories, according to a code that is shared
by an entire community of potential communicants
(Pinker & Bloom, 1990, p. 713).
In a response to Pinker and Bloom's paper, Freyd (1990) points out that,
as others have noted (Cosmides & Tooby, 1987), natural selection only
operates on innate mechanisms, not on overt behavior. Freyd agrees with
Pinker and Bloom's notion that the innate cognitive mechanisms for
language acquisition and language use have evolved through natural
selection. However, because language must be shared by "an entire
community of potential communicants" as Pinker and Bloom write, she
views language itself as a product of evolution occuring at the level of shared
information. Freyd's "shareability" hypothesis has two main propositions
(Freyd, 1983; Freyd, 1990, p. 733):
Proposition 1: Shared knowledge structures (e.g.
natural languages, shared musical systems) have
the structure they have partly by virtue of the fact
that the knowledge structures must be shared.
Proposition 2: Internal cognitive representations
are influenced by these shared knowledge
structures.
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My interpretation of Freyd's response to Pinker and Bloom's paper is
that Freyd believes that the brain "hardware" for language competence has
evolved through natural selection but that the "software" or, rather, the
language itself evolved as a system of shared communication. By viewing
language as the software of communication, it is easy to see how different
language systems would come into being. It also explains why humans can
learn a language other than their own. Humans have the built-in hardware
or capability for understanding language but, if learning a second language, a
new "software package" (i.e. language itself) would have to be learned.
In addition to language, Freyd classifies music as a shared system. I
agree with this classification and, therefore, believe that the
hardware/software analogy is applicable to music, as well. I believe that the
"hardware" or cognitive mechanisms which lead to musical competence in
humans may have evolved in the way that Shepard (1987b) proposed:
computational resources originally evolved to solve problems of spatial
cognition became mutated, preempted, etc., and other mechanisms evolved.
Since there's evidence that such mechanisms are hierarchical in structure,
transforming a high-level unit in the hierarchy may be of negligible cost to
the organism and the cognitive mechanism which would evolve out of such
a transformation may become part of the organisms' cognitive make-up,
even if the mechanism doesn't "buy" the organism much in terms of
survival.
The above perspective on the evolution of the cognitive mechanisms
which lead to musical competence combined with Freyd's notion of music
being a shared system (and thus the "software" of musical communication)
constitute my theoretical perspective on how musical competence comes into
being, why different musical systems exist, and why humans can learn
musical systems different from their own.
.................
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4.1 Discussion
How does the above discussion relate to the project at hand? I am
looking for regularities in ways performers express their interpretation of
musical structure and meaning. In order to begin to understand the cognitive
mechanisms necessary for expressing such interpretation, I think that it is
imperative that one have a theoretical perspective from which to view the
claims that one is attempting to make. Without such a perspective, one runs
the risk of conducting experimental work in a theoretical vacuum, losing
sight of the broader implications of one's empirical findings.
As was stated above, in this project, I am looking for regularities in
ways performers express their interpretation of musical structure and
meaning. I believe that the way in which performers do this is specified by
the internal "rules" of musical communication which have been established
for the particular musical tradition in question. Hence, the rules which I
found in this study are particular to the Western tonal tradition. If I were to
examine the use of expressive parameters in music of other cultures, I would
obviously expect to find somewhat different parameters or "rules" in use.
However, I would expect, as in the Western tradition, to find that performers
manipulate a common set of internal rules of musical communication,
which are shared by all members of the community in question.
I achieved the goals of this project by conducting an intensive study of
skilled cello playing. I had three professional cellists play two short musical
excerpts. Acoustic and gestural data (gathered from a sensor mounted on the
wrist) was collected and analyzed for evidence of expressive timing and
tuning parameters.
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In the following section (Part II), I will describe the experiment I
conducted in detail. In the last section (Part III), I will discuss the implications
of my results in light of previous work, especially that of Palmer, who
conducted studies on skilled piano performance (Palmer, 1988; Palmer, 1989).
I specifically chose my experimental design to be as similar to Palmer's as
possible, so that, if my results exhibited trends similar to hers, I would be able
to extend my claims to include other instrument classes and performers.
PART II
1.1 Overview of experiment
The experiment conducted for the purposes of this thesis consisted of
an in-depth analysis of acoustic and gestural data generated from
performances by professional cellists. I hypothesized that by examining
expressive timing and tuning patterns one can illustrate the cognitive
mapping of musical intention to performance. I examined how the cellists in
this study mapped his/her musical intention to sounded performance using
methods proven effective in studies of piano performance (Palmer, 1988,
1989).
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For my first analysis, I obtained acoustic and gestural data generated
from three performances of the same piece of music, played in different ways:
normal, mechanical, and expressively exaggerated. The music chosen was
Sarabande in c minor from Suite V of the suites for solo cello written by J. S.
Bach, BWV 1011, (see Fig. 1), and the opening phrases of the Sonata in e
minor, Op. 38, for cello and piano written by J. Brahms (see Fig. 2). I
examined the performances for the robustness of the following performance
parameters: tuning, rubato, slide, and vibrato patterns. In addition, an
analysis of the flexion-extension and radial-ulnar deviation of the bowing
wrist was conducted. I hypothesized that the analysis of the data from this
experiment would show that there is a graduated increase in the use of the
performance parameters, listed above, from the mechanical to the exaggerated
performances.
In addition, I compared different aspects of the performer's stated
musical interpretation of the piece (including phrasing, melodic stress,
important harmonic changes, etc.) with the actual performances.
From the above analyses, I hypothesize that my results support the
claim that the cognitive mapping of musical intention to performance can be
characterized by a rule-governed usage of certain performance parameters. By
comparing my results to those of similar studies, I found that these rules
seem to be generalizable across performers and instrument classes.
The approach which I have chosen for my analysis was inspired by
research conducted on skilled piano performance by Caroline Palmer (1988,
1989). This approach rides on the assumption that a performer's
interpretation of musical structure is expressed partly through the use of
expressive timing. By examining expressive timing, therefore, one can
illustrate the relationship between musical intention and performance. I
modified Palmer's approach slightly by including in my analysis other
performance parameters which are inherent to cello playing and not to piano
playing, such as use of vibrato.
. .
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The notion of interpretation should be made clear. A performer's task,
when presented with a written score, is to take what is written and model
his/her interpretation of the piece. The Harvard Dictionary of Music (Apel,
1973) has the following definition of interpretation: "The player or conductor,
while studying a composition, absorbs it and, consciously or unconsciously,
models it according to his own general ideas and taste." Lerdahl and
Jackendoff (1983) take the notion a bit further: "The performer of a piece of
music, in choosing an interpretation, is in effect deciding how he hears the
piece and how he wants it heard."
Bach Excerpt
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Figure 1
Excerpt performed by subjects.
Sarabande in c minor from Suite V (BWV 1011)
of the Suites for solo cello by J. S. Bach.
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Excerpt performed by subjects.
Sonata in e minor, Op. 38, for cello and piano
by J. Brahms.
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2.1 Method
Subjects: Two professional cellists from the greater Boston area
participated in this experiment. Both cellists had over twenty years of
experience playing the cello, teach at renowned institutions in the Boston
area, and often perform publicly. They were chosen on the basis of their
professional standing and availability. The cellists were paid $200.00 for their
participation in the two-hour experiment. One cellist was female, one male.
Additional data was obtained from the renowned virtuoso cellist, Yo-
Yo Ma. Mr. Ma was collaborating on a project with the Hyperinstrument
group, under the direction of Professor Tod Machover, during the 1990-1991
year. Mr. Ma generously offered to participate in this experiment. However,
because of time constraints, he was only able to participate in the first half of
the experiment.
App.aratnu: The audio data from each performance was recorded with a
Schoeps microphone which fed the signal through a Yamaha line amplifier
to a Mac II, equipped with a Digidesign "Sound Tools" board. The audio
signal was digitally recorded in mono at 44,100 samples per second, using the
Digidesign "Sound Designer" software (which utilizes the Digidesign Sound
Tools board).
The gesture data was gathered with a wrist sensor (the "WristMaster")
manufactured by Exos, Inc. (see Fig. 3). The WristMaster was designed to
measure the orientation of the wrist; it provides data on the position of the
wrist over time. Specifically, the WristMaster measures the flexion-extension
(up and down motion) and radial-ulnar deviation (side-to-side motion) of the
wrist. It has a resolution of 1/2 of a degree; the values generated from the
WristMaster range from 0-127. The Exos software uses an IBM AT compatible
processor; we used a Pro 750TM IBM PC clone. The Exos software samples at a
rate of 100 Hz and outputs a graphical representation of the data in real-time
to a PC monitor.
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The WristMasterTM
at a
Figure 3
The WristMasterTM, manufactured by Exos Inc.
Measures flexion-extension and radial-ulnar deviation of the wrist.
-
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The data collected from the WristMaster was sent from the PC to a Mac
Ix. The Mac Ix was running Hyperlisp, which is a Lisp programming
environment engineered specifically for musical applications 2 (Machover &
Chung, 1989). The Mac lIx running Hyperlisp had "MidiManager" installed;
MidiManager is a software facility produced by Apple Computer which allows
applications to talk to each other and, among other features, handles time
code. Hyperlisp running on the Mac Ix, used the time code capabilities
supplied by MidiManager to send time code to the Mac II, which was running
Sound Designer.
The recording of the gesture data and the syncing of the Mac time
clocks was handled with a routine written in Hyperlisp 3 . This routine
brought up a window on the Mac Ix which allowed the user to choose to
record audio data, gesture data, or both. The window also had start and stop
buttons, which the user could select to begin or end a recording session.
A recording session would begin when the "start record" button in the
window of the Mac Ix running Hyperlisp was selected. Selecting this button
would begin the immediate recording of the gesture data and begin sending
time code to the Mac II running Sound Designer. Sound Designer was set up
to begin recording audio data when the time code stamp reached 5 seconds.
Thus, the audio and gesture data was synced but the time stamp for the
gesture data was offset by 5 seconds, relative to the time stamp for the audio
data.
2 Hyperlisp was written by Joseph Chung, a graduate student in the Music and Cognition Group.
3 This routine was written by Jim Davis, a post-graduate Research Associate in the Music and
Cognition Group.
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Stopping recording was accomplished by selecting the "stop record"
button in the window of the Mac Ix running Hyperlisp. This action stopped
both the recording of the audio and gesture data. The audio data was stored
on the Mac II in Sound Designer file format, one file was saved for each
recording. The gesture data was saved into separate files on the Mac Ilx. The
gestural data associated with the flexion-extension and the radial-ulnar
deviation values were stored in separate lists. In other words, each time
gestures were recorded using the WristMaster, two lists were created: one
with flexion values and time stamp, another with deviation values and time
stamp.
The audio data files were transferred over a network from the Mac
environment to a UNIX environment supported by a Digital Equipment
Corporation workstation (DEC station 5,000/200). The audio files were then
run through a conversion program4 so that they would be readable on the
Dec station. Conversion was accomplished by running an application that
swapped the bytes of the Mac files, and that added a header to the beginning of
each file, identifying it as an IRCAM 5 format soundfile.
After being reformatted, the audio files were run through a high-
resolution pitch tracker 6 (Ellis, 1991). This pitch tracker is not real-time; it
takes about three hours to track a 35 second sample of cello signal. However,
because the tracker is so computationally rigorous, the resolution is quite
good (5 cent resolution).
4 The conversion program was written by David Yadegari, a graduate student in the Music and
Cognition Group.
5 Institute de Recherche et Coordination, Acoustique/Musique (IRCAM) is a computer music
research center in Paris.
6 The pitch tracker was designed and coded by Dan Ellis, a graduate student in the Music and
Cognition Group. He wrote this tracker to be general purpose tracker for musical soundfiles.
With a few modifications, it worked quite well on cello soundfiles. Modifications to Dan Ellis'
original program were made by David Yadegari and Alan deLespinasse. Alan deLespinasse is
a UROP (undergraduate researcher) who worked on this project.
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The pitch tracking program goes through several steps to convert the
audio file into a pitch tracked file. The first step is to break up the audio
sample into short, overlapping segments, called "frames". The tracker uses
4096-sample segments starting 1024 samples apart. An FFT7 is run on each
frame to find the amplitudes of its frequency components at linearly-spaced
intervals from 0 Hz to half the sampling rate. Each frequency calculated is
called a "bin". There are one more than half as many bins as there are
samples in a frame, resulting in 2049.
The next step in the pitch tracking program involves complex pattern-
matching. Each frame is tested at a set of exponentially-spaced pitches to see
whether the particular pitch in question was actually being played by the cello.
To test a frame for a particular pitch, a prototype harmonic spectrum is
generated. A prototype harmonic spectrum is the FFT that would be
generated if the cello were playing a perfect sawtooth wave at the particular
pitch in question. The prototypical spectrum and the actual spectrum are
compared using an inner product comparison. The inner product
comparison measures the cosine of the angle between the prototypical
spectrum and the actual spectrum in n-dimensional space, where n is the
number of FFT bins.
The inner product comparison generates a number representing how
well the two spectra match. The process is repeated at the same number of
pitches as there were bins (2049). Once all the possible pitches have been
tested, the best-matching pitch is selected, as well as any others within a
constant factor (.9) of the selected pitch. Because the best-matching pitch and
any other pitches which are within a constant factor of the best-matching
pitch are reported, one occasionally observes two pitches in the same time
slot. This generally occurs when the performer leaves an open string ringing,
and then moves to another string, thereby generating a double set of
harmonic partials.
7 Fast Fourier Transform (FFT) of a digital waveform represents samples of the underlying,
continuous spectrum of the underlying, continuous waveform. It should be noted that, although
an FFT is linear, in this program each frame was tested at exponentially spaced pitches,
resulting in the 5 cent resolution.
..................... ------------
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After completing the inner product comparison routine, the pitch
tracker comes up with a two-dimensional table of pitch against time. This is
saved in a compressed format, since there are millions of zeros and only
relatively few ones. This compressed file is read by a C routine called
"Dispcc" 8. Dispcc displays the pitch tracked file in a window on the Dec
station monitor (see Figs. 4 and 5). The Dispcc program allows the user to
select individual notes in the pitch tracked file. Once a note is selected,
several values are calculated: the pitch (in Hz), starting time, duration (from
the earliest to the latest value in the selected note), slope of the note (least-
squares formula), and vibrato width (average deviation from the sloped line).
Dispcc will also calculate a slide coefficient, if the user outlines a slide
in the pitch tracked file. A slide typically occurs when a performer is playing
with a lot of legato and does not want a perceptual break between notes, if
possible. A slide is visible in the pitch tracked file because there is no break in
the audio signal (see Fig 6). The slide coefficient is calculated by taking the
number of detected pitches in the slide and dividing by the distance over
which they are spaced. The slide coefficient is attributed to the note that is
being slid toward, not the starting note of the slide. All of the values
calculated by Dispcc are written to a formatted text file, readable by Systat9, the
Mac-based statistical package used for this project.
Scales in the key of each excerpt were played by the subjects, in order to
obtain a baseline measurement of the subjects' tuning at the time of
performance. The subjects performed each scale twice and these data files
were tracked by the Dispcc program.
The gestural data was saved into text files on the Mac HIx. These files
were transferred directly to Systat. In addition, a routine 10 was written which
grouped the gestural data into discreet note events. In this way, the data
could be analyzed as a whole and note-by-note.
8 The Dispcc routine was written by Alan deLespinasse and Wes Carrol. They are both UROPs
(undergraduate researchers) who worked on this project.
9 Systat is a product of Systat, Inc.
10 This routine was written by Wes Carrol.
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Output of Pitchtracker
Frequency
280.00
270.00
260.00
250.00
240.00
230.00
220.00
210.00
200.00
190.00
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170.00
160.00
150.00
140.00
130.00
120.00
110.00
100.00
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6.00 8.00 10.00 12.004.00
ime
Figure 4
Output of pitch tracker for the first two measures of the
normal performance of the Bach excerpt by Yo-Yo Ma.
(Time is in seconds)
£1.1'
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Output of Pitchtracker
Frequency
136.00
134.00
132.00
130.00
128.00
126.00
124.00
122.00
11.00 11.50 12.00 12.50
Figure 5
Output of pitch tracker for the low b natural in measure two
of the normal performance of the Bach excerpt by Yo-Yo Ma.
Note the sampling rate and vibrato visible in the note.
(Time is in seconds)
Slide coefficient
Slide coefficient is attributed to this note
Figure 6
Two hypothetical pitch tracked notes with a
slide value outlined between them.
- -.
Timne
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Procedure: When the subjects agreed to participate in the experiment,
they were told that they would be asked to play two short excerpts from
standard cello repertoire. They were told exactly what excerpts they would be
requested to play and that they would have to play these excerpts in a number
of different ways. They were encouraged to bring their own scores, if they so
desired. All three subjects had previously played the excerpts that they were
going to have to perform in the experiment.
The experiment took place in a sound-proof studio, located in the
Music and Cognition Group of the Media Lab on the MIT campus. Each
recording session was filmed with a Sony Hi-8 camera, in order to obtain a
visual record of every session.
Each experimental session began with fitting of the WristMaster on the
subject's wrist. The subjects were instructed to play their cello while wearing
the WristMaster until they felt comfortable with the device. Surprisingly, it
only took subjects a few minutes to get used to the device. None of the
subjects reported that the device in any way interfered with their playing.
After the subjects got accustomed to the WristMaster, the subjects were
read the experimental instructions. The instructions stated that the subjects
would be asked to play two excerpts: up to the double bar of the Sarabande in c
minor from Suite V of the suites for solo cello written by J. S. Bach (BWV
1011), and the opening phrases of the Sonata in e minor, Op. 38, for cello and
piano written by J. Brahms. Subject #1 (Ss #1) and Subject #2 (Ss #2)
performed both the Bach and Brahms excerpts. Because of time constraints,
Mr. Yo-Yo Ma (Y.Y.M.) was only able to play the Bach excerpt. See Fig. 1 for
the score of the Bach and Fig. 2 for the Brahms.
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The subjects were asked to play each excerpt three times. For the first
performance, the subjects were instructed to play the piece as they would
normally. For the next performance, the subjects were instructed to play the
piece in an exaggerated fashion, which was described as playing the piece with
their interpretation but exaggerating their interpretation. For the final
performance, the subject was instructed to play the piece in a mechanical
fashion, which was described as playing "just like the score", not attempting
to add any personal interpretation while performing the piece.
Before playing each excerpt, the subjects were instructed to play a one
octave scale (ascending and descending) in the key of the excerpt. The subjects
were instructed to play the scale twice. The subjects were told that the data
collected from the scales would be used only to obtain a baseline
measurement of their tuning and that their actual scale playing would not be
analyzed.
The subjects were also informed that, after the three performances of
each excerpt, they would be asked to notate their interpretation of the excerpt
on an unedited score. The subjects were asked to notate their bowing,
important melody events, phrasing, dynamics, tempo changes, and important
harmonic changes. The subjects were given a printed sheet, reminding them
what the experimenter wanted them to notate on the score.
The subjects were told that they could repeat a performance, as many
times as they wanted, until they gave a performance with which they were
satisfied. The most a subject ever played a single version of an excerpt was
three times.
The data from all performances was pitch tracked in the manner
described in the previous section. As stated above, the Dispcc program
provides the following information: the pitch (in Hz), starting time, duration
(from the earliest to the latest value in the selected note), slope of the note
(least-squares formula), vibrato width (average deviation from the sloped
line), and slide value. In addition to these values, differences in obtained vs.
expected frequencies and durations were calculated for each performance.
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A baseline measurement of the subjects' tuning at the time of
performance was obtained by tracking each performance of the scale and then
averaging the two performances, in order to come up with average
frequencies for each note in the scale. A hypothetical list of frequencies for
each note in the excerpts was calculated, based on these average frequencies
from the scale performances. Accidentals and other notes in the excerpt
which were not present in the scale were obtained by interpolating from the
average scale frequencies.
This list of expected frequencies was, obviously, the same for each type
of performance (normal, exaggerated, mechanical) of a particular excerpt by
the same subject. For each performance a difference value was generated
which was the difference between the expected and obtained frequencies.
This value was calculated for every note by taking the log of the obtained
frequency of the note minus the log of the expected frequency of the note and
dividing by the log of the twelfth root of two1 1 (.058):
(log obtained - log expected)/.058 x 100 = difference in cents.
The value obtained from this calculation is a measure of the difference in
cents between the obtained and expected frequency. This value can be
positive or negative, depending upon whether the obtained note is sharper or
flatter than the expected note.
11 The twelfth root of two is equal to a semitone in equal temperament.
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Expected duration of each note was calculated for every performance by
taking the duration of the excerpt, up to the onset of the last note, and
dividing by the smallest beat denominator 12 . For example, the duration of
Yo-Yo Ma's performance of the Bach excerpt (up to the onset of the last note)
was 33.830 seconds. The first note of the excerpt began at 3.760 seconds so this
value was subtracted from 33.830, resulting in 30.05 seconds. The "lowest
common beat denominator" in the Bach is the eighth note; there are seven
measures in the excerpt, with six eighth note pulses in every measure. Thus,
there are 42 eighth note pulses in the excerpt. Dividing 30.05 (duration of this
performance of the excerpt) by 42 results in .72: the expected duration of an
eighth note for this particular performance is .72 seconds, a quarter note 1.43
seconds, etc.
For each performance, a percent deviation from expected duration for
each note was calculated by taking the observed duration minus the expected
duration divided by expected duration. The absolute value of the percent
deviation from expected was taken to come up with percent of tempo change:
(observed - expected )/expected x 100 = % deviation from expected
absolute value of % deviation from expected = % tempo change
As stated above, expected duration for notes was calculated for each
performance, based on the entire duration of that particular performance.
12 This method of calculating expected durations was used by Caroline Palmer in her 1988
dissertation (Palmer, 1988).
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3.1 Results
The results from the analysis of the data will be discussed in sections,
corresponding to the various parameters which I hypothesized map a
performer's intention to performance. In addition, results from the analysis
of the gestural data will be discussed. Unless otherwise notated, all the figures
shown in this section represent statistically significant results.
Expressive tuning: An expected frequency value was calculated for
each note and compared the actual frequency of the obtained note. See
"Procedure" section for details on how expected frequency for each note was
calculated. I hypothesized that a performer manipulates tuning in an
expressive manner in order to bring out points of melodic interest or stress.
The data definitely exhibited trends which support this hypothesis. The data
wasn't statistically significantly different from performance to performance
but the differences found between performances seem to be perceptually
significant.
An issue critical to describing expressive tuning in a performance is the
performer's "just noticeable difference" (JND) threshold. If a performer
wants to bring out a note by playing the note a bit sharp or flat, the performer
must play the note flat enough or sharp enough for the difference to be
perceptible by the auditory system. For the average individual, the just
noticeable difference for isolated sinusoids is 3% at 100 Hz and .5% at 2000 Hz
(Dodge & Jerse, 1985).
I hypothesize that the differences in frequency which I will discuss in
the following paragraphs are perceptually significant. In most instances, there
was an average difference of 10 cents found between the notes analyzed in the
exaggerated or normal performance and the mechanical performance. 10
cents is approximately .5% in Hz. As stated above, the JND for 2000 Hz is .5%.
While none of the notes analyzed in the excerpts were in that range (they
ranged from around 100 - 540 Hz), the upper partials that ring as a function of
bowing a string on a cello do have frequencies that approach 2000 Hz.
Therefore, I am making the claim that the differences in frequency which
were found in the data are, in fact, perceptually significant.
--------------------------
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It should be noted that the experimental setting under which the JND
values were calculated and a normal performance situation are very different.
However, the JND is a baseline measure of sensitivity and, although not
absolutely comparable to a performer's sensitivity level during performance,
the JND provides at least some sort of a fixed measure of an average listener's
sensitivity under an experimental setting.
In the Bach excerpt, the b natural in measure one functions as a
melodic leading tone, leading directly to the c. The b natural in measure two
functions as a harmonic leading tone, not being resolved until the cadence on
the c in measure four. I hypothesized that the b natural in measure one
would tend to be sharper than the b natural in measure two because it leads
directly to the c, the tonic of the piece. The data from all three subjects, across
all three performances, exhibited this tendency (see Fig. 7). In addition, there
was a tendency to flatten the melodic leading tone, relative to the normal and
exaggerated performances, in the mechanical performance (see Figs. 8-10).
In the Brahms excerpt, there is also an effect of tuning and the function
of the leading tone. In measure twenty-two, the d sharp functions as a
melodic leading tone, leading directly to the tonic just as the b natural did in
measure one of the Bach excerpt. The d sharp in measure twenty-two was
compared to the harmonic leading tone d sharp that arrives on the third beat
of measure five. I hypothesized that, for the same reasons given in the
discussion of the Bach excerpt, the d sharp in measure twenty-two would be
significantly sharper than the d sharp in measure five. The data from both Ss
#1 and Ss #2, across all three performances exhibited this tendency (see Fig.
11).
Additionally, the frequency of the high c in measure 17 was analyzed.
I hypothesized that the frequency of this c would be higher in the exaggerated
and normal performances, as compared with the mechanical performances.
This particular c marks the climax of the phrase and is the highest note in the
excerpt. Results showed that the c is considerably sharper in the exaggerated
case, as compared.to either the normal or mechanical case (see Fig. 12).
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Bach: Tuning of b natural by Function
14 -
12 -
10 -
Other Leading Tone
Figure 7
Sharpness of the B natural* by function
(leading tone = melodic leading tone; other = harmonic leading tone)
for all three subjects, across all three performances of the Bach excerpt.
(*note: the differences illustrated here are not
statistically significant)
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Tuning of b natural across all three performances
for Ss #2
(Figs. 8-10)
Ss#2: Bach:
30 r
Normal Performance
20 F
10 F
Other Leading Tone
Figure 8
Sharpness of the B natural* by function
(leading tone = melodic leading tone; other = harmonic leading tone)
for Ss #2 in the normal
performance of the Bach excerpt.
(*note: the differences illustrated here are not
statistically significant)
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Ss #2: Bach: Exaggerated Performance
30r
20 1-
Other Leading Tone
Figure 9
Sharpness of the B natural* by function
(leading tone = melodic leading tone; other = harmonic leading tone)
for Ss #2 in the exaggerated
performance of the Bach excerpt.
(*note: the differences illustrated here are not
statistically significant)
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Ss #2: Bach: Mechanical Performance
30 r
20 F
10 F
Other Leading Tone
Figure 10
Sharpness of the B natural* by function
(leading tone = melodic leading tone; other = harmonic leading tone)
for Ss #2 in the mechanical
performance of the Bach excerpt.
(*note: the differences illustrated here are not
statistically significant)
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Brahms: Tuning of d sharp by Function
20 F
10 F
Other Leading Tone
(leading tone =
Figure 11
Sharpness of the d sharp* by function
melodic leading tone; other = harmonic leading tone)
for Ss #1 and Ss #2 in all three
performances of the Brahms excerpt.
(*note: the differences illustrated here are not
statistically significant)
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Brahms: Tuning of High C by Instructions
E-
Normal Exaggerated Mechanical
Figure 12
Sharpness of the high C* in measure 17
by performance type for Ss #1 and Ss #2
in all three performances of the Brahms excerpt.
(*note: the differences illustrated here are not
statistically significant)
45
Rubato Patterns: Expected duration for each note was calculated and
compared to the obtained duration of each note. See "Procedure" section for a
detailed explanation of how expected duration was calculated for each note.
In her 1988 study, Palmer (1988) defines rubato as, "the shortening and
lengthening of individual notes, or deviations from the mechanical
regularity of the musical score". I used the same definition of rubato for the
purposes of this thesis. I hypothesized that there would be a significantly
greater degree of tempo change between notated phrases, as compared to
within phrases. The data from all subjects in all performances, with one
exception, supported this hypothesis.
All subjects grouped the Bach excerpt into two main phrases, each four
bars in length. The first four bar grouping was further subdivided into the
subphrase: one bar + one bar + two bars. There was no significant difference
in the percent of tempo change within or between the subphrases notated for
the first four bars. However, the major notated phrase boundary at the end of
measure four did show a significantly greater degree of tempo change (for two
of the three subjects) than events located within phrase one and two.
The mean tempo changes between and within notated phrases for all
three performances of the Bach by Ss #2 and Y.Y.M. are shown in Figs. 13 and
14. An analysis of variance on phrase location (between and within phrases)
and instructions was conducted. There was a significant main effect of
instructions: Ss #2, F (2, 1) = 14.517, p < .029 ; Y.Y.M., F (2,1) = 26.916, P < .012.
Thus, there were larger tempo changes in the normal and exaggerated
performances than in the mechanical performances. In addition, for both
subjects there was a significant interaction between phrase location and
instruction, such that tempo changes were larger between phrases in the
normal and exaggerated performances as compared to the mechanical
performances: Ss #2, E (2,1) = 15.708, p < .026 ; Y.Y.M., F (2,1) = 13.561, p < .031.
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Data from the Brahms excerpt exhibited similar trends to the Bach,
although the main effects were larger. The mean tempo changes between and
within notated phrases for all three performances of the Brahms by Ss #1 and
Ss #2 are shown in Figs. 15 and 16. An analysis of variance on phrase location
(between and within phrases) and instructions was conducted. There was a
significant main effect of instructions: Ss #1, E (2, 1) = 12.249, P < .036 ; Ss #2, F
(2,1) = 99.869, p < .002. Thus, there were larger tempo changes in the normal
and exaggerated performances than in the mechanical performances. In
addition, for Ss #2 there was a significant interaction between phrase location
and instruction: Ss #2, E (2,1) = 81.806, p < .002. The interaction between
phrase location and instruction for Ss #1 was almost significant: Ss #1, E (2,
1) = 6.572,, p < .080.
In addition, I hypothesized that, over-all, the data from the normal
and exaggerated performances would show greater timing deviation than the
mechanical performance. Mechanical or "unmusical" playing is often
characterized by a rigid metric pulse. Although I did not expect subjects to
play the mechanical version of each excerpt with absolutely no metric
variation from the score, I did expect to find less variation than would be
found in normal or exaggerated performances. Figures 17-21 show the mean
tempo change by instruction for all subjects in each performance. As one can
see from Figures 17 and 20, the data from Ss #1's performance of both the
Bach and Brahms supports my predictions. For the Bach excerpt, Ss#1's
statistics are as follows: Ss #1, E (2, 117) = 3.276, p < .041; for the Brahms: Ss
#1, E (2, 228) = 5.007, p < .007. Ss #2, however, performed all the Bach and
Brahms trials (see Figs. 18 and 21) with approximately the same percent of
tempo change: 13% and 16%, respectively. Y.Y.M.'s performance of the
mechanical version of the Bach (see Fig. 19) had the lowest percentage of
mean tempo change, as compared to the normal and exaggerated
performances; this difference was, however, not significant.
I - 0 , MIMI M . I V11 R 0 r -- -
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From inspection of the data and figures, one can see that only the data
from Ss #1 supported my predictions. There was a tendency for both of the
other subjects to perform the mechanical version of each excerpt with slightly
less variation in tempo. However, since the observed differences were so
small for two of the three subjects, no conclusive results can be made from
this data.
A closer inspection of the mean tempo change for important structural
or melodic notes did lead to some conclusive and interesting results. In
discussions with Yo-Yo Ma about his interpretation of the Bach excerpt, he
informed me that in the first phrase (first four bars) the second beat is
extremely important for melodic and harmonic reasons. In analyzing his
data, I noticed that he consistently anticipated the second beat by playing the
note just prior to the second beat significantly shorter than expected. By doing
this, he makes the entrance of the second beat come slightly early, causing the
listener to take notice of the importance of the second beat. Figure 22 shows
the mean percent of tempo change for the anticipation notes (the notes just
prior to the second beat in the first four phrases of the Bach) and the entire
excerpt by instruction. The differences between the anticipation notes and
entire excerpt are significant: F (1, 13) = 5.739, p < .032. There is no
significant main effect of instructions, however.
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Ss #2: Bach: Tempo Change by Phrase Location
301-
20 F
Within Between
Figure 13
Mean tempo changes between and within notated
phrases for all three performances
of the Bach excerpt played by Ss #2.
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Y.Y.M: Bach: Tempo Change by Phrase Location
40r
301-
201-
10
n
Within Between
Figure 14
Mean tempo changes between and within notated
phrases for all three performances
of the Bach excerpt played by Y.Y.M.
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Ss #1: Brahms: Tempo Change by Phrase Location
40
30
20
10
Within Between
Figure 15
Mean tempo changes between and within notated
phrases for all three performances
of the Brahms excerpt played by Ss #1.
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Ss #2: Brahms: Tempo Change by Phrase Location
20 F
10 1-
Within Between
Figure 16
Mean tempo changes between and within notated
phrases for all three performances
of the Brahms excerpt played by Ss #2.
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Ss #1: Bach: Tempo Change by Instruction
25
20
Normal Exaggerated Mechanical
Figure 17
Mean tempo change by instructions for the
performance of the Bach excerpt by
Ss #1.
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Ss #2: Bach: Tempo Change by Instruction
10 -
Normal Exaggerated Mechanical
Figure 18
Mean tempo change* by instructions for the
performance of the Bach excerpt by
Ss #2.
(*Note: the differences illustrated here are not
statistically significant)
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Y.Y.M: Bach: Tempo Change by Instruction
Normal Exaggerated Mechanical
Figure 19
Mean tempo change* by instructions for the
performance of the Bach excerpt by
Y.Y.M.
(*note: the differences illustrated here are not
statistically significant)
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Ss #1: Brahms: Tempo Change by Instructions
20 r
10 -
Normal Exaggerated Mechanical
Figure 20
Mean tempo change by instructions for the
performance of the Brahms excerpt by
Ss #1.
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Ss #2: Brahms: Tempo Change by Instruction
10 -
Normal Exaggerated Mechanical
Figure 21
Mean tempo change* by instructions for the
performance of the Brahms excerpt by
Ss #2.
(*note: the differences illustrated here are not
statistically significant)
.. .
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Y.Y.M: Bach: Tempo Change by Anticipation Notes
f2 Whole Excerpt
U Anticipation Notes
Normal Exaggerated Mechanical
Figure 22
Mean tempo change of anticipation notes
and mean tempo change of entire excerpt
by instructions for the performance of the
Bach excerpt by Y.Y.M.
25 r
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Slide Patterns: As described in the "Procedure" section, slides were
calculated by taking the number of detected pitches in the slide and dividing
by the distance over which they were spaced. I hypothesized that there
would be more evidence of slides in the exaggerated and normal
performances, as compared to the mechanical performances. Sliding from
one note to another is one way in which cellists' can obtain a legato or
"connected" sound in their performance. Analysis of the data showed that
while there was a tendency to slide more in normal and exaggerated
performances than in mechanical performances, this tendency wasn't
statistically significant, with the exception of one case.
The data from the Brahms excerpt exhibited a much greater use of
slides than the data from the Bach excerpt. This is logical since the Brahms is
a romantic work and the style necessitates more legato playing than is
typically used in the performance of a baroque work. An analysis of variance
on the use of slide and instruction was conducted on all performances of each
excerpt. The only significant effect was found for Ss #1 in the performance of
the Brahms excerpt. Comparing the normal with the mechanical
performance, there was a significant main effect of instructions (see Fig. 23):
Ss #1, F (1, 154) = 4.397, p <.038.
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Ss #1: Brahms: Slide Values by Instruction
0.10 r
0.08
0.06
0.04
0.02 F
0.00
Normal Mechanical
Figure 23
Slide values for the normal and mechanical
performance of the Brahms played
by Ss #1.
.......... 
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Vibrato Patterns: Vibrato was calculated by identifying the maximum
displacements of the signal from the slope of the note and averaging these
displacements across the duration of the note. Vibrato is a technique used by
string players which is characterized by oscillating a finger on a string; it
creates a rich, "round" sound and is used in varying degrees by performers,
depending upon the type of sound they want to produce. I hypothesized that
performers would use more vibrato in the exaggerated performance than in
the normal or mechanical performances. "Over-expressive" or "sappy"
performances are often characterized by the exploitation of vibrato. Hence, I
hypothesized that, if subjects were asked to exaggerate their normal
performance, one of the most obvious parameters they would manipulate
would be vibrato.
Vibrato amplitude across the three performances of each excerpt are
shown for all subjects in Figures 24 - 28. An analysis of variance on vibrato
amplitude and instruction was conducted. There was a significant main effect
of instructions for all subjects in all performances (except Ss #2's performance
of the Brahms), such that performers used more vibrato in the normal and
exaggerated than in the mechanical performances. Ss #2 uniformly played
the Brahms excerpt with quite a bit of vibrato and only decreased his use of
vibrato slightly while playing the mechanical version. For the Bach excerpt,
the statistics are as follows: Ss #1, E (2, 117) = 3.317, p < .040 ; Ss #2, E (2,117) =
13.212, p < .001; Y.Y.M., E (2,117) = 15.443, p < .001. For the Brahms excerpt:
Ss #1, E (2, 231) = 5.073, p <.007.
In addition, subjects tended to play important melody notes or notes of
climax with more vibrato than other notes. For example, in the Brahms
excerpt, the high c in measure 17 is important because it marks the climax of
phrase 2. Figure 29 shows the vibrato amplitude for the high c (performed by
Ss #2) in measure 17 and the mean vibrato amplitude for each performance.
An analysis of variance was conducted on the vibrato amplitude of this
particular c across all three performances and the mean vibrato amplitude for
each performance. The differences were found to be highly significant: F (1,
4) = 149.671, p < .000
.....................
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Ss #1: Bach: Vibrato Amplitude by Instructions
18 r
15 -
12 -
Normal Exaggerated Mechanical
Figure 24
Vibrato amplitude by instructions for the
performance of the Bach excerpt by
Ss #1.
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Ss #2: Bach: Vibrato Amplitude by Instructions
Normal Exaggerated Mechanical
Figure 25
Vibrato amplitude by instructions for the
performance of the Bach excerpt by
Ss #2.
..Wh
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Y.Y.M: Bach: Vibrato Amplitude by Instructions
18 r
15 [
12
Normal Exaggerated Mechanical
Figure 26
Vibrato amplitude by instructions for the
performance of the Bach excerpt by
Y.Y.M.
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Ss #1: Brahms: Vibrato Amplitude by Instructions
18
15 -
12
Normal Exaggerated Mechanical
Figure 27
Vibrato amplitude by instructions for the
performance of the Brahms excerpt by
Ss #1.
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Ss #2: Brahms: Vibrato Amplitude by Instructions
Normal Exaggerated Mechanical
Figure 28
Vibrato amplitude* by instructions for the
performance of the Brahms excerpt by
Ss #2.
(*note: the differences illustrated here are not
statistically significant)
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Ss #2: Brahms: Vibrato Amplitude of High C
50 1-
30 F20 _
10 -
U Mean mechanical
0 Mean exaggerated
0 Mean normal
* High C
Normal Exaggerated Mechanical
Figure 29
Vibrato amplitude for the high c in measure 17
and mean vibrato amplitude for each performance
by instruction for Ss #2's performance of the Brahms.
mini lwmw-
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Flexion-Extension Values: The flexion-extension measurements were
obtained from the wrist of the bowing hand by the Exos WristMaster,
described in detail in the "Apparatus" section (see Fig. 3). Flexion-extension
corresponds to the up and down motion (vertical axis of movement) of the
wrist.
In the Bach performances, there was a significant main effect of
instructions for Ss #1 and Ss#2 but not for Y.Y.M (see Figs. 30-32). The
direction of the effect for Ss #1 is in line with my general hypothesis: the
values obtained would be higher for the exaggerated case and lowest for the
mechanical case. Ss #2's data also exhibited a main effect of instructions but
not in the direction I hypothesized. The highest values were obtained for Ss
#2 in the mechanical performance. An analysis of variance was conducted on
the mean flexion values gathered from each performance and produced the
following results (see Figs. 30 and 31): Ss #1, E (2,117) = 5.209, p < .007; Ss #2,
,E (2,117) = 5.977, p < .003.
Flexion data from Y.Y.M. exhibited no significant main effect of
instructions (see Fig. 32). In fact, the data from all three of his performances is
virtually identical, as can be seen in Fig. 33. Figure 33 is a plot of the mean
flexion values obtained for each note across all three performances of the first
phrase (first four bars) of the Bach. Figure 33 is striking for numerous
reasons. The first is obvious from merely glancing at the plot: Y.Y.M. was
able to replicate, almost exactly, his movements from performance to
performance. A second salient feature of this plot is the smoothness of the
trajectory of movement; his movements were cleanly executed, with a
minimum of noise.
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The smoothness of data obtained from Y.Y.M. is sharply contrasted by
data from Ss #2 (see Fig. 35). Ss #2 reported using the same bowing in every
performance but, in fact, changed bowings in the performance of the
mechanical version of the excerpt. Ss #2 used different bowings from either
Y.Y.M. or Ss #1; however, this does not account for the lack of consistency
between performances. Ss #1's plot of phrase 1 (see Fig. 34) is much cleaner
than Ss #2's plot, although not as clean as the the plot from Y.Y.M. It is
interesting to note that, compared to Ss #1 and Y.Y.M, Ss #2's performance of
the Bach excerpt was fairly shaky. Thus, it seems that the smoothness of the
trajectories generated from the flexion data reflects the level virtuosity or
mastery in the performance of a particular piece.
From analysis of the data, it is apparent that the flexion values are a
fairly clear mapping of bowings and bow changes. Figure 36 shows the
starting flexion values for Y.Y.M and Ss #1 at the beginning of each note for
the first two measures of the Bach excerpt. Both subjects begin on a downbow
on note one, change to an upbow on note five, change to a downbow on note
six, and change again to an upbow on note ten. As one can see from studying
Figure 36, the difference in magnitude at bow changes is significant. Note,
however, that it is the relative magnitude of each performer's values which
is of interest. The absolute values obtained for Ss #1 and Y.Y.M. are obviously
quite different; it is impossible to mount the WristMaster exactly in the same
position for every performer. Thus, there are bound to be differences in the
values which are generated, making worthless any comparison of the
absolute values obtained from different performers.
An analysis of the radial-ulnar deviation data did not prove to be very
fruitful. The values obtained did not vary much in amplitude and it is
unclear that they map to any interesting musical parameter, such as the case
with the flexion data and bowing. Figure 37 shows the data generated from
the first two measures of Y.Y.M.'s performance of the Bach. Both the
deviation and flexion data is plotted. As one can see, the values obtained
from the deviation data center around 83 and only vary by a few values for
the entire two measures.
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In sum, I believe the most interesting finding from my analysis of the
gesture data is the mapping of virtuosic playing and smoothness of
trajectories of motion, as evidenced from the Figs. 33-35. One would expect
that the flexion data have a close correspondence with bow movement, since
the physical act of changing bowings entails a great deal of vertical motion of
the wrist.
Ss #1: Bach: Flexion Values by Instruction
70 r
60 F
40 F
Normal Exaggerated Mechanical
Figure 30
Mean flexion values obtained from Ss #1
in the performance of the Bach excerpt.
-
--
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Ss #2: Bach: Flexion Values by Instruction
70 -
60 -
50 -
40 -
30 -
20 '
Normal Exaggerated Mechanical
Figure 31
Mean flexion values obtained from Ss #2
in the performance of the Bach excerpt.
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Y.Y.M: Bach: Flexion Values by Instruction
60 -
50 -
40 -
30
20 '
Normal Exaggerated Mechanical
Figure 32
Mean flexion values obtained from Y.Y.M.
in the performance of the Bach excerpt.
72
Y.Y.M: Bach: Flexion Values for Phrase 1
1W r
40 10
Machnilcal
S a - -
5 10 15 20 25
Note Numbers for Re 1
Figure 33
Mean flexion values for each note in Phrase 1
of the Bach excerpt, performed by Y.Y.M.
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Ss #1: Bach: Flexion Values for Phrase 1
W r
40
Mechmical
---- Nrmal
01 1 1
0 5 10 15 20 25
Nora NNibr forhraPl 1
Figure 34
Mean flexion values for each note in Phrase 1
of the Bach excerpt, performed by Ss #1.
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Ss #2: Bach: Flexion Val ies for Phrase 1
70 r
50
'0
I3
-I
'I
9,
-I
Medumical
Nonmal
F-
I I I I I 1
0 5 10 15 20 25
Note NumbenIr rhme
Figure 35
Mean flexion values for each note in Phrase 1
of the Bach excerpt, performed by Ss #2.
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Bach: Flexion Values for Measures 1-2
- - --- Flexion-Ss#1
Flexion-Y.Y.M.
1 2 3 4 5 6 7 8 9 10
Note Numbers from Measures 1-2
Figure 36
Starting flexion values for the beginning of each note
in measures one and two of the Bach excerpt,
for both Y.Y.M and Ss #1.
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Y.Y.M: Wrist Angle Values for Measures 1-2
--- - Deviation
Flexion
1 2 3 4 5 6 7 8 9 10
Note Numbers for Measures 1-2
Figure 37
Starting flexion and deviation values for the beginning of each note
in measures one and two of the Bach excerpt,
performed by Y.Y.M.
------------ 
. .
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4.1 Discussion
It is clear that the trends found in the analysis of the data gathered in
this experiment support my general hypothesis: the cognitive mapping of
musical intention to performance can be characterized by a rule-governed
usage of certain performance parameters, such as tuning, rubato, and vibrato.
Furthermore, there is an increase in the use of these performance parameters
from the mechanical to the exaggerated performances.
Rule-governed usage of the performance parameters was illustrated for
each case. For instance, it was found that performers manipulated tuning of
important melodic or harmonic notes: melodic leading tones were sharper
than harmonic leading tones; the melodic leading tone tended to be flatter in
the mechanical performance, as compared to the normal or exaggerated;
important notes of climax tended to be sharper in the exaggerated
performances, as compared to the normal or mechanical.
In the case of rubato, there was more rubato found between phrases
than within phrases. There was an interaction of instruction and phrase
location such that there was more rubato between phrases in the normal and
exaggerated performances than in the mechanical performances.
Although I hypothesized I would find more evidence of slides in the
normal and exaggerated performances than in the mechanical performances,
results from the analysis of the data supported my hypothesis in the case of
only one subject. Therefore, no rule-governed usage of this performance
parameter was evidenced in the data collected for this study.
Analysis of vibrato showed that subjects exploited vibrato in
exaggerated performances and in the performance of individual notes the
performer wanted to emphasize.
..........
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As one can see, there was a general increase in the use of the
parameter in discussion from the mechanical to the exaggerated
performances. There were, however, between subject differences. Subject #1
was extremely sensitive to the experimental instructions. Data from Ss #1
consistently displayed the greatest differences between the mechanical and
exaggerated performances, as compared to Ss #2 and Y.Y.M. Ss #2 was the
least motivated of the subjects, perhaps accounting for the higher degree of
noise found in Ss #2's data, as compared to that of either Ss #1 or Y.Y.M. Data
from Y.Y.M. displayed the general trends that were expected; however, the
magnitude of the trends were not as great as they were for Ss #1. In other
words, the differences between interpretations of the Bach were slightly more
subtle for Y.Y.M. than they were for Ss #1.
No conclusive mapping of intention to performance was
evidenced in the gesture data generated from the WristMaster. Rather, the
flexion-extension data seemed to reflect the level of virtuosity in performance
by the smoothness of the trajectories of motion. The radial-ulnar deviation
data did not appear map to any interesting musical parameter.
It is interesting to view the gesture data in terms of the motor
programming framework adopted for this study. As was described in Part I,
the motor programming framework consists of three stages (Palmer 1988,
1989). The first stage requires that an abstract representation of interpretation
be formed; this representation gets translated into procedures in memory
(stage two). These procedures in memory map to vectors of movement
(stage three). The result of the vectors of movement is, of course, the
sounded events or performance.
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As empirical studies have shown (Sloboda, 1983; Nakamura, 1987),
expert performers are better able to communicate their musical intent in
performance than are less experienced players. One reason for this has to do
with a performer's ability to produce his/her desired interpretation. In terms
of the motor programming framework described above, the procedures in
memory which map to vectors of movement are less developed for
inexperienced players than they are for experienced players. I believe that the
smoothness and almost exact replication across performances of the flexion
values which are evidenced in Yo-Yo Ma's data (see Fig. 33) represent well
developed procedures in memory which map to vectors of movement. Thus,
Yo-Yo Ma's data, as one would expect, reflects a total mastery over the
instrument.
In the following section, I will compare the results of this study to
similar studies and evaluate my findings in the light of previous work.
............ I
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EART III
1.1 Comparison of results of this study to previous work
As was stated previously, I specifically chose my experimental design to
be as similar as possible to studies conducted by Palmer (1988, 1989), who used
pianists as subjects. In this way, if my studies exhibited trends similar to hers,
then I would be able to extend the implications of the results of my study to
include other instrument classes and performers.
The results of the study conducted for the purposes of this thesis were
generally in line with the Palmer's findings. In the following paragraphs, I
will examine, point-by-point, Palmer's major findings and how her findings
compare with the results obtained in this study.
Palmer found that her subjects performed the melody on an average of
about 20 - 50 milliseconds ahead of the accompaniment in any given piece.
She termed such a melody lead a "chord asynchrony." Obviously, there can
be no real chord asynchrony in a monophonic piece. However, there are
other parameters which I hypothesize perform the same function in cello
playing as chord asynchrony does in piano playing.
Chord asynchrony in piano playing serves to highlight the melody,
making it perceptually salient for the listener. Similarly, a cellist often wants
to bring out points of melodic interest. From the analysis of the data, one can
see that the cellists who participated in this study made a melody event
"important" in a number of ways: playing the note earlier or later than
anticipated, playing the note with more vibrato, playing the note slightly
sharp, etc. Thus, while chord asynchronies per se can't be found in cello
playing, performance parameters which serve a similar function were found
to be used and manipulated by the subjects in this study.
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Palmer also investigated the use of rubato in her subjects'
performances. Palmer found that there was a significant main effect of
instruction on the use of rubato, such that there was a greater use of rubato in
the musical as opposed to the mechanical performances. The same effect was
found in the cello performances analyzed in this paper.
Another aspect of rubato that Palmer analyzed was the difference in
rubato between vs. within phrases. Palmer found that there was a significant
main effect of phrase location, such that there was greater deviation in timing
between phrases rather than within phrases. In addition, she found that, for
some subjects, there was a significant interaction of phrase location and
instruction. The same effects were found in this study.
The third performance parameter which Palmer investigated was the
use of overlaps. In a legato piano performance, adjacent notes often overlap,
creating a smooth, fluid sound. Palmer found that there was a main effect of
instructions such that there was a greater mean overlap of notes in musical as
opposed to mechanical performances. I hypothesized that slides in cello
playing served an analogous purpose as overlaps in piano playing. Thus, I
anticipated finding a greater use of slides in the normal and exaggerated
performances as compared to the mechanical performances. While this
hypothesis was supported by the data from one subject in the performance of
the Brahms, there wasn't enough supporting data in this study to state that
there was a main effect of instructions on the use of slides.
One can see that my results and Palmer's results are very similar in
nature. The only case in which I did not find strong evidence to support
Palmer's findings was overlaps. However, my not being able to support the
notion of slides being used more in musical as opposed to mechanical
performances could be a function of the data gathering techniques used in
this study. A slide was, at times, difficult to recognize when looking at a pitch
tracked file. Also, it is likely that some of the slides in the piece didn't
produce enough audio signal to be accurately tracked by the pitch tracker.
..
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In sum, the results of my study taken together with Palmer's results
serve to extend the implications of each study: the cognitive mapping of
musical intention to performance in skilled or virtuosic playing can be
characterized by a rule-governed usage of various performance parameters.
Furthermore, this rule-governed mapping seems to be generalizable across
performers and instrument classes.
2.1 Condusion
The implications of the work presented in this thesis have
consequences for traditional music cognition research, as well as the field of
computer music. What was really at issue in this research was, given a
performer's interpretation of a piece, how does he/she go about
implementing his/her interpretation? As was discussed briefly in the
introduction section, this question, "How do performers do what they do?"
has been repeatedly raised by researchers in the field of computer music. This
question is incredibly important because, if we want to build computer -
assisted performance systems that behave or interact "musically", then we
need to know more about how performers realize their own interpretations.
Such sentiments were echoed in a lecture given by a prominent film
and television composer in September 1990 at the CyberArts Festival in Los
Angeles. The composer stated that, although there have been great
advancements in the field of computer music in the past couple of decades,
we have yet to fully incorporate the musical nature of performance into
computer music. He cited examples of not being able to use certain classes of
instrument sounds, such as the strings, because they lack a musical quality in
computer-generated compositions. The composer advocated researching how
actual performers realize their musical interpretations, in order to achieve
more musical performances in computer-generated compositions.
- I'll A I I 11 , I .
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Thus, this study was aimed at increasing our knowledge of how
performers realize their interpretations or, put another way, how the
cognitive mapping of musical intention to performance is achieved for
cellists. Results showed that cellists generally manipulated certain
performance parameters, such as rubato, vibrato, and tuning, in a consistent
or, rather, rule-governed fashion; these results were similar to the results of
other studies, most notably those conducted by Palmer (1988, 1989), which
have examined this problem, using other instrumentalists as subjects.
It is not surprising to find that the mapping of intention to
performance is similar across instrument classes. As was discussed in Part I of
this document, I believe that performers manipulate internal "rules" of
musical communication which have been established for the particular
musical tradition in question. These "rules of communication" are tacitly
learned by both musicians and non-musicians, allowing for the
communication of musical meaning between performers and listeners. For
example, it was found in this and related studies that, if a performer wants to
differentiate between musical phrases, he/she will pause significantly longer
between phrases than he/she would at anytime normally within a phrase.
Thus, it seems clear that the contribution of this and related work has
been to extend our understanding of how performers manipulate the
performance parameters under his/her control, such as chord asynchrony,
rubato, vibrato, etc., in order to communicate his/her musical interpretation
of a piece. By illuminating the link between the use of the various
performance parameters and a performer's interpretation, one has illustrated
the cognitive mapping from intention to performance. Knowing more about
how performers go from intention to performance will, as stated above, aid in
the formation of computer-assisted performance systems, and increase our
knowledge of the seemingly ineffable musical mind.
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